Experimental Setup
The crystallization time due to thermal disturbances is studied using an MTS heater that has a platinum (Pt) built on top of the lateral PCM cell (See Fig. 1a for the device structure [3] ). The active PCM cell area is about 140 ⅹ 400 nm 2 , with thickness of about 20 nm. This micro-heater allows us to control the ambient temperature (T) of the phase-change material in micro-second time scale. The varying temperature is achieved by changing the voltage amplitude of the heating pulse (V Pt in Fig. 1b) . A constant thermal resistance value (between the Pt heater and the chuck) of R H ~ 1.06 ℃/mW is used for temperature range (230 ℃ to 260 ℃) of interest, to extract the temperature rise given the delivered power to the MTS. Fig. 1b shows our measurement setup with two sets of electrical pulses. A voltage pulse is directly applied to the PCM cell for initial RESET-programming and resistance reading afterwards, and another 100 μs-long pulse goes to the platinum heater (MTS) to thermally disturb the PCM cell. This heating pulse is applied as multiple thermal disturbances disturbances separated by a time interval (t p ). The effect of resistance drift is taken into account here by changing t p as the difference in time intervals between the consecutive heating pulses will cause the PCM cell to drift differently.
Crystallization Time Measurements
The crystallization time (t crys ) was measured as the cumulative heating time required to form the first crystallization path within the PCM cell as seen in Fig. 2 . We investigate the difference in t crys for different time intervals (t p ) in Fig. 3 . Because the crystallization of the PCM cell also depends highly on the initial cell resistance (R), the crystallization time for an annealing temperature of T ~ 260 ℃ is measured for varying cell resistances in Fig.  3b . The PCM cells in Fig. 3b were programmed to different resistances by applying a 100 ns-long voltage pulse with its amplitude increased in a few steps of mV. Obviously, it takes longer for the PCM cell to recrystallize toward a low-resistance state (typically the resistance is a few kΩ) with increasing initial cell resistances. It should be also noted that the effect of the different time intervals (t p ) becomes more significant for larger initial R values due to the increased number of traps in amorphous regions [5] . We have found in Fig. 3a and 3b that the crystallization time due to thermal disturbances increases exponentially with the time interval between disturbances.
The observed dependence of t crys on t p has important implications for the retention of PCM cell under thermal disturb. In order to elucidate the physical origin of this observation, we study how the crystallization time varies with different temperatures for longer time interval ranges (1 s ~ 100 s), shown in Fig. 4a . It clearly shows that the activation energy (E A ) which is given by the slope of t crys versus 1/kT plot can be changed with different amount of resistance drift between thermal disturbances which is controlled in this work by varying time intervals t p between heating pulses. The higher activation energy barrier is achieved by allowing the PCM cell to drift for a longer time. The increased effective activation energy accounts for ~ 70 % of the crystallization time difference for different t p values. The activation energy increases with time intervals at a rate between ~ 0.6 eV/decade to ~ 1 eV/decade for t p range of interest (See Fig. 4b ). Fig. 4c shows that the increase rate of the activation energy (dE A /dt p ) becomes smaller as we have larger time intervals t p possibly due to the reduced drift caused by stress relaxation over time [6] .
Physical Model
For each of our measured activation energies E A for different t p values, we measured the crystallization time t crys at a given temperature T and extracted the corresponding Arrhenius parameters of τ 0 (pre-exponential factor) by the Arrhenius equation, A kT E − = τ τ with obtained fitting parameters of T MN ~ 537 (K) and τ 00 ~ 4 ⅹ 10 -4 (s). The energy Δ (= kT MN , k is the Boltzmann constant) is an important quantity to be investigated to understand the relaxation process and it represents the thermal excitation energy provided by individual electron-phonon interaction to overcome the activation barrier. τ 00 is the relaxation time when the annealing temperature T is equal to T MN . Because τ 0 decreases exponentially with E A in eq. (2), the exponential dependence of relaxation time on the activation energy in eq. (1) is compensated by τ 0 (This effect is called the MN effect or the compensation effect). The obtained value of Δ ~ 46 meV from our crystallization time measurements with additional resistance drift suggests that the energy Δ should be provided to overcome the activation barrier by optical phonon-induced excitations [8] .
Conclusions
By using a micro-thermal stage heater, we have studied the crystallization behavior of lateral PCM cells in the presence of thermal disturbances. There is an exponential dependence of the crystallization time on the time interval allowed for resistance drift. The possibility of achieving better retention with the increase of the effective activation allowed energy barrier for crystallization by resistance drift is proposed. If a PCM cell is RESET-programmed, it would be better to program the neighboring cells at a later time, allowing the current cell to drift for some time. This would lower the probability of cell failure due to thermal disturbances. A crystallization model that explains the observed dependence of t crys on t p for over 3 orders of magnitude of t p will be published elsewhere. 
